The amplitude, or Higgs mode is deeply intertwined with the historical development of the BCS theory of superconductivity. Although the presence of the Higgs mode is fundamental to superconductivity, it remained elusive for many decades, and its presence and observability is still under debate in many contexts.[1-3] Direct observation of the Higgs mode as an oscillation of the superconducting order parameter is difficult with standard methods since it does not couple directly to electromagnetic fields [4] ; it can be observed if it is coexistent with another order, such as a charge density wave [5] [6] [7] , however it is difficult to distinguish from other effects such as phonon splitting due to the secondary order [7] . In this work we present results for time-dependent photoemission spectra out of equilibrium to directly probe the dynamics of the superconducting gap edge where the fingerprint of superconductivity is strongest. We show that the Higgs mode can be directly detected without the requirement of any additional symmetry breaking and is clearly visible as oscillations of the gap edge spectra at twice the gap frequency, a hallmark of amplitude modes.
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Time-and angle-resolved photoemission spectroscopy (tr-ARPES) has become an emerging technique that can probe the temporal dynamics of ordered systems and their interactions by measuring momentum and energy resolved spectra. [8] [9] [10] In these experiments, the ordered state is perturbed from equilibrium by a laser pulse, resulting in changes of the effective free energy landscape F. The minimum in F is reduced due to the decrease of quasiparticles involved in ordering. If the response of the complex order parameter (∆e iφ ) is slower than the changes in F, oscillations about the new minimum will occur (see Fig. 1 ) at a frequency of 2|∆|, with subsequent damping and hardening as the system returns to its equilibrium state. These amplitude, or "Higgs", oscillations were observed using tr-ARPES in charge-and * afkemper@lbl.gov spin-density wave systems [11] [12] [13] [14] , and by perturbing cold atomic systems [15] . In a charged superconductor, longrange Coulomb interactions gap the phase mode, with its energy pushed up to the plasma frequency. The amplitude mode remains unaffected, however its measurement is difficult because it does not couple directly to electric or magnetic fields. [2, 4] , although recent THz transmission experiments have inferred the Higgs mode. [16, 17] The dynamics of the superconducting order parameter are often studied with a "quantum quench", where one of the physical parameters that make up the superconducting state is changed [18, 19] , resulting in oscillations which approach a constant final frequency 2∆ ∞ as 1/ √ t. A similar result was obtained numerically through truncated equation of motion approaches. [20] [21] [22] Here, we directly simulate the pump/probe process in a superconductor, illustrated in Fig. 1 , using a two-time Green's function formalism. This formalism captures the full frequency dependence of the interactions [23] and the return to equilibrium through electron-phonon scattering [24] , and allows for the calculation of the time-resolved singleparticle spectral function, as measured with tr-ARPES. We focus on the spectra near the Fermi level, where the signatures of the order parameter ∆ clearly appear. After pumping, the system exhibits oscillations at twice the gap energy, which is now time-dependent (∆(t)). As the pump fluence is increased, the gap partially melts, leading to slower oscillations. Figure 2 shows the tr-ARPES spectra obtained from the calculations in equilibrium (a, b) and after pumping (c). Here, the maximum field strength E max = 0.9 V/a 0 , where a 0 is the lattice constant. The spectra are broader than is usual in equilibrium ARPES due to the Heisenberg uncertainty introduced by a time-resolved measurement. The diamond markers indicate the maximum of the constant momentum cut (energy distribution curve or EDC) at k = k F , which we will denote by ζ throughout. In equilibrium, the spectra show the usual hallmarks of a strongly coupled BCS superconductor: the spectra are pulled back from the Fermi level by some amount, visible both in the decrease of spectral weight at the Fermi level, as well as the downward shift of ζ. In addition, the kink due to the strongly coupled phonon at ω = Ω shifts down in binding energy, and shadow bands appear along ω = − k due to the particle-hole mixing. For the equilibrium superconductor ζ is at roughly −55 meV, although the magnitude of the true gap ∆ 0 , which is determined from the spectral gap in the equilibrium self-energy, is slightly less (∆ 0 ∼ 48 meV). The difference arises because ζ is shifted by the broadening of the singleparticle spectrum and probe resolution. After pumping, the characteristics of superconductivity are reduced in magnitude. ζ and the gap-shift of the phonon kink are reduced, and the spectral weight in the shadow bands is no longer visible. In fact, the spectrum more closely resembles a normal metal at some elevated temperature. However, superconductivity never fully disappears at this field strength (as we will show below), suggesting that an elevated temperature scenario does not fully capture the behavior here.
We next utilize the strength of the tr-APRES approach and focus on the changes of the spectra near the Fermi level (E F ) where the signature of SC is strongest (Figure 3). The figure shows snapshots of the tr-ARPES spectra before (3a), and after (3b-3e) pumping.
Immediately after the pump (Fig. 3b) , there is a shift of spectral weight from lower binding energies to the Fermi level, partially closing the gap, and the EDC center ζ(t) (♦) shifts back towards the Fermi level. The following panels show that the spectral gap first closes right after the pump (3b) and then reopens and closes in the successive time slices (3c-3e), leaving behind a gap which is slightly reduced compared to its equilibrium value (3e). Thus both the spectral intensity as well as the spectral maximum oscillate in time after the pump is applied.
To show that the superconductivity remains even though there is spectral weight in the gap, we consider the "anomalous density"
shown in panel f. After pumping, although the magnitude of the order parameter is reduced, superconductivity is still present. Moreover, F < (t, t) shows the same oscillations as observed in the spectra. The oscillations occur for long times after the pump pulse indicating that they are intrinsic to the superconducting state, rather than directly related to particulars of the pump. The snapshots (panels c-e) are taken at times corresponding to the minima and maxima of the oscillations.
We further investigate the oscillations by considering the EDCs at k = k F and analyze the dynamics. Figure 3g) shows the EDCs for the equilibrium and pumped superconductor (at t = 107 fs). After pumping, ζ returns towards the Fermi level, but not fully. Figure 3h) shows the EDCs as a function of time delay. Upon arrival of the pump, the superconductivity is reduced as spectral weight is scattered to above the Fermi level and across the Brillouin zone. The band subsequently shifts back and forth at a particular frequency. This is markedly different from the normal state, where the spectra after pumping return monotonically to equilibrium (unless phonons are resonantly excited or the pump is sufficiently strong [25] indicating that the superconducting order is responsible for the oscillations.
By increasing the pump fluence, the order can be further reduced, and the effects of further reduction on the oscillations can be observed. Fig. 4 shows the oscillations after pumping for various pump fluences. With increasing pump fluence, the SC is further suppressed, as reflected in the reduction of |ζ|. Concomitantly with the decrease in SC, the oscillations slow down, confirming that the mode is determined by the state of the system after pumping. This is the same mechanism that leads to changes in the effective self-energy in the normal state after pumping [23] , although the field threshold where the system deviates from the equilibrium behavior is much lower. ζ(t) is fitted to a decaying exponential combined with a damped oscillation. The obtained frequencies ω, scaled by twice the equilibrium gap 2∆ 0 , are shown in the Figure inset. In the limit of zero fluence, the oscillation frequency ω extrapolates to 2∆ 0 , the equilibrium gap. This implies that tr-ARPES can provide a clean measurement of ∆ 0 , which is obscured in equilibrium by broadening of the spectral function and energy resolution.
The effects of the changing gap at the Fermi level due to amplitude mode oscillations are visible across the entire spectrum. To illustrate this, we integrate the spectral weight above the Fermi level, where the experimental signal to noise ratio is usually large. Fig. 5 compares the integrated spectral weight (Fig. 5b) with ζ(t) extracted from the EDCs as before. The oscillations are readily resolvable in both cases, in particular for weaker fields where the early-time behavior is not dominated by simple scattering. The results of this study indicate that time-resolved ARPES can be used to directly study the dynamics of Cooper pairs by examining the time-resolved single particle spectral function without the requirement of additional particle-hole symmetry breaking in the equilibrium state, making the identification and examination of the Higgs mode more generally available in all superconductors in the time domain. This opens up new avenues for studying superconductivity, both BCS and unconventional. By perturbing the superconducting order from its equilibrium state, we can access regions of phase space available to it that are not sampled in equilibrium. This could be particularly interesting in the case where several competing orders are present, such as in the high-T c cuprates and pnictides.
Methods The full details of the numerical approach can be found in the supplemental information. The pumped superconductor is modeled by solving the Gor'kov equations for the Migdal-Eliashberg model in the time domain. By treating superconductivity at this level, one avoids the issues of gauge invariance that arise in isotropic attractive-U models. [26, 27] The electronphonon interactions are treated on the level of the selfconsistent Born approximation. The resulting timedomain Green's functions are then used to obtain the tr-ARPES spectra [28] . The field is explicitly included via the Peierls' substitution k(t) = k − A(t), where A(t) is the vector potential in the Hamiltonian gauge, which has no scalar potential Φ; the electric field is determined via E = −c −1 ∂A(t)/∂t.
The equations to be solved are computationally demanding, and as such the parameters are chosen with an eye towards the feasibility of the simulation. We study a square lattice tight-binding model at half filling; the phonon frequency and coupling are chosen as 0.8V nn and 1.38V nn , respectively. For concreteness, we set V nn = 0.25 eV. The resulting phonon coupling is of intermediate strength (λ ≈ 0.58), which is within the Migdal limit. In the calculations, in addition to the strongly coupled Einstein phonon, we use a distribution of weakly coupled low-energy scatterers to account for the other phonons in the system, as well as impurity scattering. We have checked that the inclusion of local electronelectron scattering up to second order in the interactions does not quantitatively affect our results (a comparison is shown in the SI). The phonon bath is kept fixed by ignoring the feedback of the electrons on the phonons; we remain outside of the regime where this is expected to be important, i.e. the formation of static Peierls distortions (CDWs), strong pumping or quenches of the interaction constant [25] . Finally, since we do not consider the return to equilibrium within this work, the effects due to the presence of a (possible) phonon bottleneck will not be considered.
